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Integrins mediate the lymphocyte migration into an infected tissue, and these cells 
are essential for controlling the multiplication of many intracellular parasites such as 
Trypanosoma cruzi, the causative agent of Chagas disease. Here, we explore LFA-1 
and VLA-4 roles in the migration of specific CD8+ T cells generated by heterologous 
prime-boost immunization during experimental infection with T. cruzi. To this end, 
vaccinated mice were treated with monoclonal anti-LFA-1 and/or anti-VLA-4 to block 
these molecules. After anti-LFA-1, but not anti-VLA-4 treatment, all vaccinated mice 
displayed increased blood and tissue parasitemia, and quickly succumbed to infection. 
In addition, there was an accumulation of specific CD8+ T cells in the spleen and lymph 
nodes and a decrease in the number of those cells, especially in the heart, suggesting 
that LFA-1 is important for the output of specific CD8+ T cells from secondary lymphoid 
organs into infected organs such as the heart. The treatment did not alter CD8+ T cell 
effector functions such as the production of pro-inflammatory cytokines and granzyme 
B, and maintained the proliferative capacity after treatment. However, the specific CD8+ 
T cell direct cytotoxicity was impaired after LFA-1 blockade. Also, these cells expressed 
higher levels of Fas/CD95 on the surface, suggesting that they are susceptible to 
programmed cell death by the extrinsic pathway. We conclude that LFA-1 plays an 
important role in the migration of specific CD8+ T cells and in the direct cytotoxicity of 
these cells.
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inTrODUcTiOn
Chagas disease, caused by the intracellular parasite Trypanosoma 
cruzi, is a major public health problem, with about seven mil-
lion people infected worldwide (1). CD8+ T cells are crucial for 
controlling the multiplication of intracellular pathogens such as 
T. cruzi. These cells control the infection by secreting cytokines 
such as IFN-γ and TNF-α, or by direct cytotoxicity against 
infected target cells (2). The heterologous prime-boost vaccina-
tion strategy has shown significant results in the induction of 
specific CD8+ T cells and the generation of an optimal protective 
immune response. Among several possible combinations of 
vectors for this type of immunization, we used a plasmid vector 
for priming and an adenovirus-Ad5 vector (replication-defective 
human Ad type 5) for boosting, both containing an insertion of 
the ASP-2 gene (T. cruzi’s amastigote surface protein 2 gene). 
This type of immunization was capable of protecting A/Sn mice 
that are highly susceptible to experimental infection with T. cruzi 
(3, 4).
The results obtained in preclinical experimental models with 
heterologous prime-boost immunization have boosted recent 
clinical trials (5–10). In 2013, the first results of a Phase II clinical 
trial were published. In that study, a number of volunteers, who 
were vaccinated with plasmid DNA followed by immunization 
with Ad5, both encoding the genes of the apical membrane 
antigen 1 and the immunodominant surface protein of the 
Plasmodium falciparum circumsporozoite protein, developed 
immunity to malaria (11).
To the CD8+ T cells exert their effector function, these cells 
must migrate to non-lymphoid peripheral tissues where the 
infection occurs. Our group recently demonstrated that the 
protection generated by heterologous prime-boost immuniza-
tion regimen depends on the recirculation of specific CD8+ 
T  cells, since immunized and protected A/Sn mice became 
susceptible to the experimental challenge with T. cruzi after 
FTY720 drug treatment (12). This immunosuppressive drug 
reduces lymphocyte recirculation by altering T  cell signaling 
via sphingosine-1-phosphate receptor-1 (S1Pr1). This leads in 
sustained inhibition of S1Pr1 signaling, trapping T cells within 
the secondary lymphoid with no impairment of T cell activation 
(12, 13). Based on this knowledge, we hypothesized that other 
molecules, such as integrins, could be involved in the CD8+ T cell 
migration. The integrins are heterodimers that composed of an 
alpha and beta chain; LFA-1 is composed of αLβ2 (CD11a/CD18) 
chains, and VLA-4, of α4β1 (CD49d/CD29) chains. These mol-
ecules play an important role in the formation of immunological 
synapses and signal transduction, which result, for example, in 
cell migration, activation, and/or proliferation (14, 15). During 
transendothelial migration, chemokine-triggered activation of 
both LFA-1 and VLA-4 leads them to change their conformations 
and strongly bind to intercellular adhesion molecules (ICAMs 
and VCAMs, respectively) on endothelial cells and, thus, migrate 
into the tissues (16). In β2 integrin-deficient mice, LFA-1 shows 
a significant reduction in the in  vitro lymphocyte migration, 
strengthening the role of this molecule in leukocyte migration 
(17). The LFA-1 role in lymphocyte migration has also been dem-
onstrated in the experimental autoimmune encephalomyelitis, 
in which regulatory CD4+ T  cells can migrate to the CNS via 
LFA-1 (18). Its role has also been demonstrated in allografts, 
and the antagonism of this molecule is a very effective inhibitor 
of acute rejection, thus prolonging allograft survival in rodents 
(19). VLA-4 has also been studied in liver allograft rejections, 
where it seems responsible for the migration of effector CD8+ 
T cells and transplant rejection along with LFA-1 (20, 21). During 
infection by intracellular parasites such as T. cruzi, specifically 
by the Colombian strain, there is a predominance of effector 
CD8+ T lymphocytes (CTLs) with high expression of LFA-1 and 
VLA-4 in the myocardium of infected mice (22). In addition, 
the high expression of LFA-1 on the surface of Pfn+CD8+ T cells 
during the acute and chronic phases has been demonstrated (23). 
However, the dominance of these cells in cardiac tissue favors 
the progression of the inflammatory reaction, culminating in 
Chronic Chagas heart disease (24).
Herein, we tested whether LFA-1 and VLA-4 integrins 
were key mediators for T  cell-mediated protective immunity 
against T. cruzi infection. For that purpose, mice were vac-
cinated with heterologous prime-boost vaccine (recombinant 
plasmid DNA/AdHu5), challenged and treated with blocking 
antibodies to LFA-1 and/or VLA-4. Our results demonstrate 
that LFA-1, but not VLA-4, is essential for protective immune 
response of highly susceptible mice against T. cruzi infection. 
Also, the study demonstrated that LFA-1 mediates CD8+ T cells 
migration into infected tissues, such as the heart, and plays 
an important role in CD8+ T  cells cytotoxicity for parasite 
clearance.
MaTerials anD MeThODs
ethics statement
This study was carried out in strict accordance with the recom-
mendations in the Guide for the Care and Use of Laboratory mice 
of the Brazilian National Council of Animal Experimentation 
(http://www.mctic.gov.br/mctic/opencms/textogeral/concea.
html). The protocol was approved by the Ethical Committee for 
Animal Experimentation at the Federal University of Sao Paulo 
(Id # CEP 7559051115).
Mice and Parasites
Female 5- to 8-week-old A/Sn or C57BL/6 mice were purchased 
from the Federal University of São Paulo. ICAM-1-deficient mice 
were kindly supplied by Dr. João Santana, Ribeirão Preto School 
of Medicine-FMPR. Parasites of the Y strain of T. cruzi were 
used in this study (2, 3). Blood trypomastigotes of the Y strain 
of T. cruzi were maintained by weekly passages in A/Sn mice at 
the Xenodiagnosis Laboratory of Dante Pazzenese Cardiology 
Institute. Bloodstream trypomastigotes were obtained from mice 
infected 7–28 days earlier with parasites of the Y strain. For in vivo 
experiments, each mouse was inoculated with 150 trypomastig-
otes (A/Sn) or 104 trypomastigotes (C57BL/6) diluted in 0.2 mL 
phosphate-buffered saline (PBS) and administrated subcutane-
ously (s.c.) in the base of the tail. Parasitemia was determined by 
collecting 5 μL of blood, and parasites were counted on the light 
microscope (25).
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immunization Protocol
In this study, we used the heterologous prime-boost immu-
nization protocol with plasmid pIgSPCl.9 and the human 
replication-defective adenovirus type 5 containing the ASP-2 
gene, as described previously (3, 26). Briefly, this immunization 
consists of a dose of plasmid DNA as a prime (pcDNA3 control or 
pIgSPClone9). The mice were intramuscularly inoculated (i.m.) 
with 50 µg of plasmid DNA into each tibialis anterioris muscle. 
Three weeks after the first immunization, mice were boosted with 
2 × 108 plaque-forming units of the adenoviral vectors Adβ-gal 
or AdASP-2. Both injections were performed via intramuscular 
route (tibialis anterior muscle).
Peptide
TEWETGQI peptide was synthesized by GenScript and obtained 
at purity higher than 95%. The TEWETGQI epitope expressed 
on ASP-2 surface is target of CD8+ T cells and was identified 
previously (27). It was used for specific CD8+ T cell stimula-
tion in  vitro and ex vivo. The H2KK-TEWETGQI multimer, 
labeled with fluorophore APC, was purchased from Immudex 
(Copenhagen, Denmark) and used for specific CD8+ T  cell 
detection in tissues.
Treatment with Monoclonal antibodies
Anti-LFA-1 (anti-CD11a, clone M17-4) and anti-VLA-4 (anti-
CD49d, clone PS/2) monoclonal antibodies were purchased 
from BioXcell; in addition, we used Rat IgG2a (clone 2A3) 
isotype control. The in vivo treatment was performed with 10 i.p. 
injections of 250 µg of mAb/mouse (every 48 h after infection, 
until day 20 after infection). The concentration of LFA-1 used 
for in vivo treatment was the same used by Reisman et al. (28). 
To evaluate the efficiency of LFA-1 integrin blockade, C57BL/6 
mice were infected with 104 trypomastigote forms of Y strain, 
and 12 days post infection, the splenocytes were harvested and 
incubated in  vitro for 24  h at 30°C with monoclonal 250  µg/
mL of 2A3 isotype control or anti-LFA-1 in complete medium 
[1% NEAA, 1% l-glutamine, 1% vitamins and 1% pyruvate, 
0.1% 2-ME, 10% fetal bovine serum (FBS) (HyClone)]. After 
incubation, splenocytes were washed and labeled with anti-
CD8 PerCP (clone 53-6.7, BD) and anti-CD11a FITC (clone 
2D7, BD), fixed with 1% paraformaldehyde and analyzed by 
flow cytometry. Concomitantly, we also evaluated the blockade 
of the LFA-1 molecule stimulating splenocytes in  vitro with 
1  µg/mL anti-CD3 (clone 145-2C11, eBioscience) in complete 
medium for 72  h at 37°C and 5% CO2. On the second day 
of incubation, 250  µg of 2A3 isotype control or anti-LFA-1 
monoclonal antibodies were added to the culture. On the third 
day of culture, cells were harvested and labeled with anti-CD8 
PerCP and anti-CD11a FITC for flow cytometric analysis. LFA-1 
expression was performed on gated CD8+ T cells, according to 
Figures S1A,B in Supplementary Material, treatment with mono-
clonal anti-LFA-1 blocked most LFA-1 molecule expressed on 
activated CD8+ T cells and after anti-LFA-1 FITC staining there 
was a lower CD11a MFI on the surface of these cells, indicating 
that there is competition between anti-LFA-1 monoclonal anti-
bodies used for in vivo blocking (clone M17-4) and anti-CD11a 
FITC (clone 2D7, BD) used for flow cytometry labeling.
real-time Pcr
Hearts, livers, and spleens from the T. cruzi-infected, immu-
nized, and/or treated mice with anti-LFA-1 A/Sn were used for 
extracting DNA. The extraction protocol, the specific primers 
for a satellite DNA region of the parasite, and the RT-PCR reac-
tion using the TaqMan Universal Master Mix II with UNG were 
adapted from Piron and colleagues (29). For the race plates, we 
used StepOnePlus (Applied Biosystems®), and distilled water for 
negative control reaction.
enzyme-linked immunospot (elisPOT) 
assay
Sterile PBS containing 10  µg/mL of anti-mouse IFN-γ mono-
clonal antibody (clone R4-6A2, Pharmingen) was added onto 
nitrocellulose 96-well flat-bottom plates; after 24  h, the plates 
were washed with RPMI and blocked with RPMI containing 10% 
FBS for 2 h. Following, 1 × 106 responder cells from spleen, liver, 
or lymph node were incubated with 3 × 105 antigen-presenting 
cells in complete medium [1% NEAA, 1% l-glutamine, 1% 
vitamins and 1% pyruvate, 0.1% 2-ME, 10% FBS (HyClone), 
and 20  U/mL mouse recombinant IL-2 (SIGMA)]. The plate 
was incubated in the presence or absence of 10 µM of peptide 
TEWETGQI. After 24 h, the plates were washed three times with 
PBS, and five times with PBS–Tween 20 (0.05% Tween). Each 
well received biotinylated anti-mouse monoclonal antibody 
(clone XMG1.2, Pharmingen) diluted in PBS-0.05% Tween 20 
at a final concentration of 2 µg/mL. The plates were incubated 
with streptavidin-peroxidase (BD) and developed by adding 
peroxidase substrate (50  mM Tris–HCl, pH 7.5, containing 
1 mg/mL DAB and 1 µL/mL 30% hydrogen peroxide, both from 
SIGMA). The number of IFN-γ-producing cells was determined 
using a stereoscope.
intracellular cytokine staining
Two million cells from the spleen, lymph node, or liver were 
treated with ACK buffer (NH4Cl, 0.15  M; KHCO3, 10  mM; 
Na2-EDTA 0.1 mM; pH = 7.4). ICS was performed after in vitro 
culture of splenocytes in presence or absence of 10 µM of peptide 
TEWETGQI as described previously (25). Cells were washed 
three times in plain RPMI and resuspended in cell culture 
medium consisting of RPMI 1640 medium supplemented with 
10 mM HEPES, 0.2% sodium bicarbonate, 59 mg/L of penicillin, 
133 mg/L of streptomycin, 10% HyClone FBS, 2 mM l-glutamine, 
1 mM sodium pyruvate, 55 µM 2-mercaptoethanol. The viability 
of the cells was evaluated using 0.2% trypan blue exclusion dye to 
discriminate between live and dead cells. Cell concentration was 
adjusted to 2 × 106 cells/mL in cell culture medium containing 
CD107a FITC antibody (clone 1D4B, BD), anti-CD28 (clone 
37.51, BD), BD Golgi-Plug (1 µL/mL), and monensin (5 µg/mL) 
and incubated no longer than 12 h in V-bottom 96-well plates 
(Corning) in a final volume of 200 µL in duplicate, at 37°C in a 
humid environment containing 5% CO2. After 12 h incubation, 
cells were stained for surface markers with anti-CD8 PERCP 
antibody (clone 53-6.7, BD) on ice for 30 min. To detect IFN-
γ, TNF or granzyme B by intracellular staining, cells were then 
washed twice in buffer containing PBS, 0.5% bovine serum 
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albumin (BSA), and 2  mM EDTA, fixed and permeabilized 
with BD perm/wash buffer. After being washed twice with BD 
perm/wash buffer, cells were stained for intracellular markers 
using APC-labeled anti-IFN-γ (clone XMG1.2, BD), PE-labeled 
anti-TNF-α (clone MP6-XT22, BD), and anti-granzyme B PE 
(clone GB11, INVITROGEN) for 20  min on ice. Finally, cells 
were washed twice with BD perm/wash buffer and fixed in 1% 
PBS–paraformaldehyde. At least 700,000 cells were acquired on a 
BD FACS Canto II flow cytometer and then analyzed with FlowJo. 
Figures S3A,B in Supplementary Material shows the representa-
tive ICS gate strategies.
Purification of liver and heart 
lymphocytes
The perfused liver was lysed with collagenase buffer composed 
of 0.2  mg/mL collagenase IV (SIGMA), 0.02  mg/mL DNase 
(SIGMA), and 5% FBS. The leukocytes were separated on a 35% 
Percoll gradient (GE Healthcare), followed by centrifugation at 
600 × g for 20 min and at 4°C. The pellet was suspended in RPMI 
1640 (SIGMA) with 10% FBS (30). For the purification of the 
lymphocytes of the heart, we followed the protocol of Gutierrez 
et al. (31). Briefly, hearts collected from five mice at day 20 d.p.i. 
were minced, pooled, and incubated for 1 h at 37°C with RPMI 
1640, supplemented with NaHCO3, penicillin–streptomycin gen-
tamicin, and 0.05 g/mL of liberase blendzyme CI (Roche, Basel, 
Switzerland). The organs were processed in a Medimachine (BD 
Biosciences) in PBS containing 0.01% BSA. After tissue digestion 
and washes, cell viability was assessed by trypan blue exclusion, 
counted in a hemocytometer.
Flow cytometry analysis
Splenocytes were treated with ACK buffer for red cell lysis and 
washed with RPMI with 10% FBS. The spleen, heart, lymph node, 
and liver cells were stained with H2Kk-TEWETGQI multimer for 
10 min at RT. The cell surface was stained for 30 min at 4°C. The 
following antibodies were used for surface staining: anti-CD3 
APCcy7 (clone 145-2C11, BD), anti-CD8 PERCP or anti-CD8 
PACIFIC BLUE (clone 53-6.7, BD), anti-CD11a FITC (clone 
2D7, BD), anti-CD11c APCcy7 (clone HL3, BD), anti-CD44 
FITC (clone IM7, BD), anti-CD62L PE (clone MEL-14, BD), anti-
CXCR3 PERCP/Cy5.5 (clone 173, BioLegend), anti-CD27 FITC 
(clone LG3A10, BD), anti-CD4 PEcy7 (clone RM4-5, BD), anti-
KLRG1 FITC (clone 2F1, eBioscience), anti-CD49d PEcy7 (clone 
R1-2, BD), anti-CD69 PERCP (clone H1.2F3, BD), anti-CD43 
PEcy7 (1B11, BioLegend), anti-CD95 PEcy7 (clone JO2, BD), 
anti-CD25 FITC (clone LG3A10, BD), anti-CD127 PE (clone 
SB/199, BD), anti-CD122 FITC (clone TM-β1, BD), anti-CD38 
PE (clone 90, BD), anti-β7 PERCP (clone FIB27, BioLegend), 
anti-CD31 FITC (clone MEC 13.3, BD), anti-CD272 PE (clone 
8F4, eBioscience), anti-PD-1 FITC (clone J43, eBioscience), anti-
CTLA-4 PE (clone UC10-4B9, eBioscience), and anti-CCR7 PE 
(clone 4B12, BD). At least 500,000 cells were acquired on a BD 
FACS Canto II flow cytometer and analyzed with FlowJo 8.7.
In Vivo Proliferation assay
A/Sn were immunized with ASP-2 using the heterologous 
“prime-boost” vaccination regimen and infected with 150 
trypomastigotes forms of T. cruzi. At the moment of infection, 
mice were treated with monoclonal antibodies (LFA-1 or 2A3 
isotype control) and 2 mg of BrdU (5-bromo-2′-deoxyuridine, 
SIGMA) by route i.p., at every 48 h, until the 20th day after chal-
lenge. Then, 2 × 106 splenocytes were treated with ACK buffer 
for red cell lysis, washed with RPMI plus 10% FBS, and stained 
with H2Kk-TEWETGQI multimer and anti-CD8 antibody. The 
specific CD8+ T  cells were stained according BrdU-FITC Kit 
protocol (BD Pharmingen) for analysis of BrdU incorporation. 
A minimum of 700,000 cells were acquired on a BD FACS Canto 
II flow cytometer and analyzed with FlowJo 8.7.
In Vivo cytotoxicity assay
For the in vivo cytotoxicity assays, splenocytes collected from 
naive A/Sn mice were treated with ACK buffer to lyse the 
red blood cells, as described by Silverio et  al. (23). The cells 
were divided into two populations and were labeled with the 
fluorogenic dye carboxyfluorescein diacetate succinimidyl 
diester (CFSE; Molecular Probes, Eugene, OR, USA) at a final 
concentration of 10 µM (CFSEhigh) or 1 µM (CFSElow). CFSEhigh 
cells were coated with 2.5  µM of the TEWETGQI ASP-2 
peptide for 40 min at 37°C. CFSElow cells remained uncoated. 
Subsequently, CFSEhigh cells were washed and mixed with equal 
numbers of CFSElow cells before intravenous injection (2 × 107 
cells per mouse) into T. cruzi-infected, immunized and/or 
treated mice with anti-LFA-1 A/Sn recipients that were sedated 
with diazepam (20 mg/kg). Spleen cells from the recipient mice 
were collected at 20 h after adoptive cell transfer and fixed with 
1.0% paraformaldehyde. At least 100,000 cells were acquired on 
a BD FACS Canto II flow cytometer and analyzed with FlowJo 
8.7. The percentage of specific lysis was determined using the 
following formula:
 
%
%
%
 lysis
CFSE infected/%CFSE infected
CFSE nai
high low
high
= −
( )
1
ve/%CFSE naivelow( )×100
.
 
histology and immunohistochemistry
The mice’s heart, spleen, and liver were fixed in 10% formalin, and 
then dehydrated, embedded in paraffin blocks, and sectioned on 
a microtome. Staining was obtained with hematoxylin and eosin, 
and the number of amastigotes nests was quantified using a light 
microscope with 40× objective lens. Overall, 50 fields/group were 
counted. For immunohistochemistry the hearts of the animals 
were removed and frozen in Tissue-Tek O.C.T. (Sakura Finetek), 
and the 7 µm thickness cuts were made in the cryostat (Leica) and 
then fixed in ice-cold acetone for 15 min. The samples were stained 
with 20 µg of the biotinylated anti-CD8 antibody (clone 53-6.7, 
RD systems) for 12 h in the wet chamber, and after incubation 
was labeled with streptavidin Alexa Fluor® 488 (Thermo Fischer) 
at the concentration of 0.5  mg/mL, diluted 1:100 for 1  h and 
room temperature. The DAPI (4′,6-diamidino-2-phenylindole, 
SIGMA) dye was used for labeling the 5  mg/mL cell nucleus, 
diluted 1:1,000 for 15 min at room temperature. The images were 
acquired in the Confocal Leica TCS SP8 CARS microscope of 
the Institute of Pharmacology and Molecular Biology (INFAR) 
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of the Paulista School of Medicine of the Federal University of 
São Paulo. The images were obtained using the 63× objective and 
processed by the ImageJ program.
statistical analysis
The number of parasites/mL corresponding to the peak of para-
sitemia, the number of IFN-γ-producing cells (ELISPOT), and 
the absolute number of CD8+ T cells were compared by analysis 
of unidirectional variance (ANOVA); subsequently, the Tukey’s 
HSD test was used. To compare the survival of mice after challenge 
with T. cruzi, we used the Log-rank test. The receptor expression 
was compared using MFI (mean fluorescence intensity), and the 
naive group MFI was taken as the baseline. MFI was determined 
by the FlowJo software. Differences were considered significant 
when P value was <0.05.
resUlTs
lFa-1 is essential for survival of a/sn 
Mice during the experimental challenge 
with T. cruzi
Previously, we demonstrated that treatment with FTY720, 
which retains CD8+ T  cells in the lymph nodes via blockade 
of receptor S1Pr1, culminates in death of immunized mice. As 
LFA-1 and VLA-4 integrins were expressed on those specific 
CD8+ T cells we investigated the role of these molecules follow-
ing immunization and T. cruzi infection. To this end, immu-
nized and infected mice were treated with 250 µg of monoclonal 
antibodies anti-LFA-1 and/or anti-VLA-4 every 48 h to block 
those molecules. Initially, we analyzed blood parasitemia and, 
as shown in Figure 1A, mice treated with anti-LFA-1 (green) 
antibody had increased blood parasitemia when compared with 
the group only immunized and treated with the control isotype 
(red), whereas mice treated with anti-VLA-4 (yellow) had a 
parasite burden similar to the immunized (red). To examine 
whether these two integrins exhibit synergism, one group was 
treated with both antibodies simultaneously (Figure 1A, blue 
group). Simultaneous treatment resulted in increased blood 
parasitemia, but this increase was not significant when com-
pared with the group treated with anti-LFA-1 only, indicating 
that LFA-1, but not VLA-4, is important to control blood para-
sites. With respect to survival (Figure 1B), all mice treated with 
anti-LFA-1 died after 26 days, whereas all anti-VLA-4-treated 
mice and isotype control treated mice survived. Therefore, no 
statistical differences were observed in the survival rate between 
the mice treated with anti-LFA-1 (green) and the mice treated 
with both antibodies (blue), but there were differences in sur-
vival rate between the mice treated with anti-LFA-1 and mice 
treated with isotype control. Therefore, during LFA-1 blockade, 
mice displayed increased blood parasitemia and succumbed 
after challenge with T. cruzi, while VLA-4 blockade does not 
interfere with parasitemia and survival of treated mice.
To confirm the role of LFA-1 during T. cruzi infection, C57BL/6 
mice naturally resistant to T. cruzi infection were infected and 
treated. C57BL/6 mice treatment with anti-LFA-1 was able to 
control blood parasitemia until 12th day after infection, but after 
that, the blood parasitemia increased and all mice treated with 
anti-LFA-1 rapidly succumbed to infection (Figures 1C,D) when 
compare the mice treated with the isotype control.
Since LFA-1 blockade increased mouse susceptibility to 
infection by T. cruzi, we investigated the importance of the 
ICAM-1 integrin, a major ligand of LFA-1. To this end, 
genetically ICAM-1-deficient mouse was used. These mice were 
immunized and infected for parasitemia and survival analysis. 
Both C57BL/6 and ICAM-1 knockout mice displayed similar 
parasitemia, and the two groups immunized with the ASP-2 gene 
showed a decreased parasitemia when compared with the vector 
control immunized groups (Figure  1E). In addition, all mice 
survived the experimental challenge with T. cruzi (Figure 1F). 
Figure 1G shows the expression of CD54 (ICAM-1) on spleen 
of CD8+ T  cells of WT and deficient mice, and, as expected, 
the latter ones have lower expression of CD54 compared with 
WT mice. Altogether, these results indicate that the absence of 
ICAM-1 does not increase susceptibility to T. cruzi infection 
and suggest that, even though ICAM-1 is a major ligand of LFA-
1, there is another ligand (i.e., ICAM-2) that binds to LFA-1 
allowing it to exert its functions.
lFa-1 Blockade increases Tissue Parasite 
of immunized and infected a/sn Mice
Since anti-VLA-4 treatment did not interfere in the mice parasitemia 
and/or survival, all following experiments were performed by 
blocking LFA-1 integrin only. As the LFA-1 blockade leads to 
increased blood parasitemia and rapid death of the mice, we 
investigated whether the parasitic increase also occurs in the 
tissues of infected, immunized, and/or anti-LFA-1-treated A/Sn 
mice. The heart, liver, and spleen of these mice were extracted 
after the 20th day of infection for quantification of the parasite’s 
DNA by real-time PCR; in addition, the number of amastigote 
nests in the heart was quantified using hematoxylin–eosin stain-
ing. There was a statistical increase in the number of amastigote 
nests in the hearts of the LFA-1-treated mice compared with the 
immunized and infected group, and the largest amount of nests 
was found in the hearts of mice solely infected (Figures 2A,B). 
In addition, LFA-1 blockade resulted in the increase of parasites 
in the tissues analyzed compared with immunized, infected mice. 
The spleen showed higher parasite increase, followed by hearts 
and livers respectively (Figure  2C). These results demonstrate 
that treatment with anti-LFA-1 increases blood parasitemia, 
which will reflect on increased tissue parasite burden.
lFa-1 Blockade increases the expression 
level of the Fas/cD95 Molecule on the 
surface of effector cD8+ T cells
We analyzed whether LFA-1 blockade affects effector phenotype 
and activation of specific CD8+ T cells. To this end, splenocytes 
were stained with anti-CD8 and H2KK TEWETQGI-multimer, 
and surface markers. In previous results obtained by our group, we 
demonstrated that immunization followed by infection induces 
specific CD8+ T cells with the phenotype of effector cells (TE), 
which is characterized by the expression of CD11ahigh, CD44high, 
CD62Llow, and CD127low (25, 26). Anti-LFA-1 treatment increased 
FigUre 1 | LFA-1 blockade increases blood parasitemia and culminates in the death of A/Sn and C57BL/6 mice. A/Sn-, C57BL/6-, and intercellular adhesion 
molecule (ICAM)-deficient mice were immunized with plasmids pcDNA3 and/or pIgSPclone9 and adenoviral vectors Adβgal and AdASP-2. Fifteen days after the last 
immunization dose, mice were infected with 150 (A/Sn) and/or 104 (C57BL/6 and ICAM mice) blood trypomastigotes of the Y strain of Trypanosoma cruzi. 
Anti-VLA-4 and/or LFA-1 treatment was performed every 48 h after infection until the 20th days after infection. (a) Blood parasitemia was assessed, and values 
were log transformed and parasitemia data for each mice group are represented as mean ± SD for each group (n = 4). Values from peak parasitemia (day 12) were 
compared by one-way ANOVA and Tukey’s HSD tests, and the results were as follows: Significant differences were found between the red in green groups 
(P < 0.05). There were no significant differences between the blue group and the green group (P > 0.05). (B) Kaplan–Meier curves for survival of the different groups 
were compared using the log-rank test. The results of the comparisons were as follows: The mice in red group survived longer than the mice in green group. The 
survival rate of mice in the blue group was similar to the mice in the green group. (c) Log parasitemia data for each mice group (C57BL/6 mice infected and/or 
treated with anti-LFA-1) are represented as mean ± SD for each group (n = 4). Values from peak parasitemia (day 9) were no significantly different across the groups 
(P > 0.05). On day 14, significant difference was found between the infected and treated with anti-LFA-1 mice and infected and treated with the anti-2A3 isotype 
control mice (P < 0.05). (D) Kaplan–Meier curves for survival of the different groups were compared using the log-rank test. The results of the comparisons were as 
follows: the mice in yellow group survived longer than the mice in blue group. (e) Log parasitemia data for each mice group (ICAM-deficient and C57BL/6 mice) are 
represented as mean ± SD for each group (n = 4). Peak parasitemia values (day 9) were significantly different across C57BL/6 groups and in ICAM-deficient mice 
groups (P > 0.05). (F) Kaplan–Meier curves for survival of the different groups were compared, and there were no differences across groups. (g) MFI of CD54 
(ICAM-1) on CD8+ T cells from C57BL/6 and ICAM-deficient mice: the red line indicates MFI of naïve C57BL/6 mice, whereas the blue line indicates MFI of naïve 
ICAM-deficient mice. One out of two individual experiments is shown.
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the frequency and the absolute number of specific CD8+ T cells 
in the spleen (Figures 3A,B). In addition, as there is competi-
tion between the antibodies used for in vivo blockade and flow 
cytometric labeling, we observed a decrease in CD11a MFI in 
the anti-LFA-1-treated groups (Figure 3C). In general, the mark-
ers whose expression levels increased in the anti-LFA-1-treated 
group (Gr.3) in comparison with the infected group (Gr.1) or 
the immunized and infected group (Gr.2) were as follows: CD27, 
CD43, CD69, and CD95 (Figure 3C). Our group has also dem-
onstrated that the cells generated by immunization followed by 
infection expressed lower levels of CD95 on the surface compared 
with infected only group, and these cells were also resistant to 
death induced by anti-CD95 (12). Moreover, markers CD183, 
CD38, and PD-1 also displayed increased expression levels on the 
FigUre 2 | Treatment with anti-LFA-1 increases tissue parasitemia. A/Sn mice were immunized with ASP-2 using the heterologous “prime-boost” vaccination 
regimen, infected with 150 trypomastigotes forms of Trypanosoma cruzi and treated with anti-LFA-1 or isotype control until the 20th after infection. In this day, 
spleens, hearts, and livers of this mice were taken for quantification of the parasite DNA and count of amastigote nests in the heart. (a) Histological section of the 
heart; the arrows indicate the amastigote nests in each group. (B) Quantification of heart amastigote nests performed from 50 fields/group. (c) Quantification of the 
parasite DNA by real-time PCR in the different groups (Log) obtained from 50 ng of tissue DNA. Results represent mean ± SD for each group (n = 4) and to a single 
experiment. Asterisks represent statistical differences among the groups. Statistical analysis was performed using one-way ANOVA (*P < 0.001, **P = 0.000331, 
***P = 0.006602, and ****P < 0.01).
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surface of specific CD8+ T cells after treatment with anti-LFA-1 
(Gr.3) compared with Gr.2 (Figure 3C). KLRG1, however, had 
similar MFI among the three groups, and these groups showed 
low expression of markers CD122, BTLA, CTLA-4, and CD25. 
These results suggest that anti-LFA-1 treatment does not impair 
specific CD8+ T  cells in the spleen. Instead, there is a greater 
frequency and absolute number of these cells. In addition, the 
treatment did not alter the phenotype of effector CD8+ T cells 
(TE); however, we found in the spleen of treated mice that those 
CD8+ T cells expressed high levels of CD95.
specific cD8+ T cells accumulate  
in secondary lymphoid Organs  
and Decrease Migration into the  
heart after lFa-1 Blockade
After demonstrating that anti-LFA-1 treatment increases blood 
and tissue parasitemia and leads to mice death, our hypothesis 
was that specific CD8+ T cells cannot migrate into the infected 
tissues since LFA-1 is associated with leukocyte migration. To test 
our hypothesis, we measured in the spleen, lymph, blood, liver, 
and heart the frequency of specific CD8+ T cells. For that propose, 
the cells were labeled with anti-CD8 and H2KK-TEWETGQI 
multimer. We found higher frequency and increment in the 
absolute numbers of specific CD8+ T cells in spleens and lymph 
nodes, but not in the blood and liver of the anti-LFA-1-treated 
group when compared with the infected and immunized group 
(Figures  4A–F). A dramatic influx reduction of specific CD8+ 
T cells after anti-LFA-1 treatment (Figure 4A) was observed in 
group 3 hearts. In addition, we found that specific CD8+ T cells 
in the spleen, blood, and heart of the infected group (Gr.1) 
and the immunized and infected group (Gr.2) expressed high 
levels of CD11a, whereas the cells in the immunized, infected, 
and anti-LFA-1-treated group (Gr.3) showed decreased CD11a 
MFI due to the competition described earlier (Figure 4G). We 
also evaluated the frequency of total CD8+ T cells in the spleen, 
blood, and heart and, as shown in Figure S2 in Supplementary 
Material, there was a reduction in the frequency of CD8+ T cells 
in the heart of the anti-LFA-1-treated group (Figures S2A–D 
in Supplementary Material). Furthermore, by immunohisto-
chemistry, there is a decrease in the number of CD8+ T cells in 
the heart of animals treated with anti-LFA-1 (Figures S2E,F in 
Supplementary Material). The number of CD8+ T  cells in the 
heart of the treated group was similar to the infected group, and 
in relation to the immunized group, treatment with anti-LFA-1 
decreased the migration of CD8+ T cells to the heart, observed 
FigUre 3 | Effector CD8+ T lymphocytes express high levels of CD95 on the surface after anti-LFA-1 treatment. A/Sn mice were immunized with ASP-2 using the 
heterologous “prime-boost” vaccination regimen, infected with 150 trypomastigotes forms of Trypanosoma cruzi and treated with anti-LFA-1 or isotype control until 
the 20th after infection. In this day, the splenic cells were labeled with H2KK-TEWETGQI multimer, anti-CD8 and surface markers. (a) The frequency of specific CD8+ 
T cells in the spleen. (B) Absolute number of specific CD8+ T cells in the spleen. (c) Histograms with MFI of each marker analyzed in different groups. The red line 
represents the naive group, whereas the blue line represents groups 1, 2, and 3. Results in panels (a,B) are individual values with the mean ± SD of groups (n = 4), 
while in panel (c) representative analyses are shown for four mice per experiment. The experiment was performed two or more times with similar results. Statistical 
analysis was performed using the one-way ANOVA. Asterisks denote statistically significant differences between the groups 2 and 3 (P < 0.05).
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FigUre 4 | Continued
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FigUre 4 | Continued  
Specific CD8+ T cells accumulate in the spleen and lymph node and do not migrate into the heart after anti-LFA-1 treatment. A/Sn mice were immunized with ASP-2 
using the heterologous “prime-boost” vaccination regimen, infected with 150 trypomastigotes forms of Trypanosoma cruzi and treated with anti-LFA-1 or isotype 
control until the 20th after infection. In this day, spleen, heart, liver, lymph nodes, and blood cells of the immunized, infected, and treated or not with anti-LFA-1 were 
labeled with anti-CD8 and H2KK-TEWETGQI multimer. (a) Frequency of specific CD8+ T cells in the spleen, lymph node, blood, heart, and liver, respectively. (B–F) 
Absolute number of specific CD8+ T cells in the spleen, lymph node, blood, heart, and liver, respectively. The results for the spleen, lymph node, and liver are 
representative values of an individual in each group (n = 4) with mean ± SD. While the results for the blood and heart were taken from a pool of five individuals per 
group, values of an individual of each repetition (n = 2) with mean ± SD. Statistical analysis was performed using the one-way ANOVA. (g) Histograms represent 
MFI of specific CD8+ T cells that express CD11a onto the surface in the spleen, blood, and heart, respectively, and the group naïve the MFI of CD11a was analyzed 
onto the surface of CD8+ T cells. Asterisks denote statistically significant differences between of groups 2 and 3 (**P < 0.001).
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by the low number of these cells in the cardiac tissue. These 
results corroborate the decrease in specific CD8+ T cells in those 
organs. Therefore, during LFA-1 blockade, specific CD8+ T cells 
accumulate in the secondary lymphoid organs, such as spleen and 
lymph node, and cannot migrate into the heart, as observed by 
the lower frequency of these cells in that organ.
specific cD8+ T cells Degranulate and 
Produce iFn-γ and TnF-α after anti-lFa-1 
Treatment
Having in mind the important role of IFN-γ during infection by 
T. cruzi (2), we analyzed whether the anti-LFA-1 treatment may 
alter production of IFN-γ by specific CD8+ T cells. We also ana-
lyzed the effector function of specific CD8+ T cells in the spleen, 
liver, and lymph nodes regarding TNF-α production and indirect 
cytotoxicity involving cell surface mobilization of CD107a. 
The gate strategy used to evaluate the production of cytokines 
and the polyfunctionality of specific CD8+ T cells is illustrated 
in Figures S3A,B in Supplementary Material. In the spleen of 
the anti-LFA-1-treated group, compared with the immunized 
and infected group, there was an increase in the percentage of 
polyfunctional specific CD8+ T cells, that is, cells that are capable 
of degranulating and, at the same time, producing IFN-γ and 
TNF-α. Such increase in polyfunctionality of specific CD8+ 
T  cells after anti-LFA-1 treatment was also observed in lymph 
nodes and liver (Figures 5A,B). In addition, anti-LFA-1 treatment 
also culminated in an increase in the amplitude of the immune 
response, i.e., the percentage of specific CD8+ T cells producing 
IFN-γ or TNF-α or degranulating, in the spleen, lymph node, and 
liver (Figure 5C). The number of specific CD8+ T cells producing 
IFN-γ was higher in the anti-LFA-1-treated group (Gr.3), when 
compared with Gr.2, and this increase occurred in the spleen, 
the lymph node, and liver (Figure 5D). Altogether, these results 
show that LFA-1 blockade does not affect the effector function of 
specific CD8+ T cells regarding IFN-γ and TNF-α secretion and 
degranulation. The increase in the effector function is probably 
due to the accumulation of specific cells in spleen and lymph 
node after treatment with anti-LFA-1.
specific cD8+ T cells reduce Direct 
cytotoxicity against Target cells after 
Treatment with anti-lFa-1
First, we tested whether treatment had impaired the frequency 
and absolute numbers of specific CD8+ T cells. As we can see, there 
was an increase in the frequency and absolute numbers of specific 
CD8+ T  cells in the anti-LFA-1-treated group (Figures  6A,B). 
We concluded that the treatment did not interfere with specific 
CD8+ T cell expansion. Since specific CD8+ T cells are capable of 
secreting IFN-γ and TNF-α after LFA-1 blockade in the spleen, 
we assessed whether the treatment had impaired specific CD8+ 
T cells proliferative capacity. The proliferation of specific CD8+ 
T  cells in the spleen was analyzed in  vivo by thymidine BrdU 
analog incorporation. We found that a similar proportion of 
the H2KK-TEWETGQI CD8+ cells incorporated BrdU in  vivo 
in non-treated or treated mice indicating that the proliferative 
capacity of these cells was not significantly different (Gr. 2 and 
Gr. 3, Figure  6C). However, the infected mice have a greater 
proliferation in comparison with groups 2 and 3 (Figures 6C,D).
Another effector function triggered by specific CD8+ T cells is 
the direct cytotoxicity against the target cells. Here, we analyzed 
whether this function had been affected by the treatment. For that 
purpose, we used in vivo cytotoxicity assay. Figure 7A shows rep-
resentative histograms containing two populations P1 (CFSElow) 
and P2 (CFSEhigh) showing the specific lysis of H2KK-TEWETGQI 
peptide-labeled CFSEhigh cells from Gr.1, Gr.2, and Gr.3 groups 
(Figure 7A). Surprisingly, we observed that the immunized mice 
treated with anti-LFA-1 had significantly decreased cytotoxicity 
when compared with the immunized group (Figure  7B). The 
specific CD8+ T  cells from the immunized mice have 80% 
cytotoxicity whereas the anti-LFA-1-treated cells showed a 29% 
percentage drop. Figure 7C shows that the numbers of CFSElow 
cells were similar across groups 1, 2, and 3, while the number of 
cells CFSEhigh decreased in groups 2 (non-treated) and 3 (treated) 
compared with group 1 (Figure 7D).
The reduction of cytotoxicity did not affect the amount of 
granzyme B produced by specific CD8+ T cells in the anti-LFA-
1-treated group. We observed that MFI and the percentage of 
specific CD8+ T  cells that produce granzyme B were similar 
across the groups (Figures 7E,F). These results demonstrate that 
treatment with LFA-1 directly affects the cytotoxicity of specific 
CD8+ T cells and the impairment of this function may be one of 
the factors responsible for the reversal protection generated by 
immunization observed after LFA-1 blockade.
DiscUssiOn
Our group previously demonstrated that the recirculation of spe-
cific CD8+ T cells generated by heterologous prime-boost immu-
nization and T. cruzi infection is of paramount importance to the 
protection of A/Sn mice, which are highly susceptible to infection 
by T. cruzi (12, 13). Given that integrins play an important role 
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FigUre 5 | Continued
FigUre 6 | Specific CD8+ T cells can proliferate after the treatment with anti-LFA-1. A/Sn mice were immunized with ASP-2 using the heterologous “prime-boost” 
vaccination regimen, infected with 150 trypomastigotes forms of Trypanosoma cruzi, and treated with anti-LFA-1 or isotype control until 20th days after infection. 
Mice received 2 mg of 5-bromo-2′-deoxyuridine (BrdU) every 48 h. In this day, spleen was harvested for the proliferation assay. 2 × 106 splenocytes were labeled 
with H2KK-TEWETGQI multimer, anti-CD8 and anti-BrdU. (a,B) The frequency and absolute number of specific CD8+ T cells in the spleen, respectively. (c,D) 
Histograms with MFI of BrdU in the groups and graph of the MFI mean of the specific CD8 T cells expressing BrdU. The graphs represent the mean ± SD for each 
individual (n = 3). Representative results of two independent experiments. Statistical analysis was performed using one-way ANOVA test (**P < 0.01; ***P < 0.005).
FigUre 5 | Continued  
Anti-LFA-1 treatment increases the polyfunctionality of specific CD8+ T cells in the spleen, liver, and lymph node, and the number of IFN-γ-producing cells. A/Sn 
mice were immunized with ASP-2 using the heterologous “prime-boost” vaccination regimen, infected with 150 trypomastigotes forms of Trypanosoma cruzi, and 
treated with anti-LFA-1 or isotype control until 20th days after infection. In this day, splenocytes and cells of inguinal lymph nodes were collected. Furthermore, 
leukocytes from the liver were isolated by Percoll. These cells were restimulated in vitro in the presence of the peptide TEWETGQI at a final concentration of 10 mM. 
After 12 h, cells were stained for CD8, IFN-γ, and TNF-α. Frequencies were initially estimated for any CD8+ that expressed surface CD107a, IFN-γ, or TNF-α after 
stimulation in vitro with peptide TEWETGQI. (a) Percentage of specific CD8+ T cells performing each of the functions shown in the graph combinations; (+) indicates 
presence, while (−) indicates absence of CD107a/IFN-γ/TNF-α. (B) Pie chart represents the fraction of specific CD8+ T cells that carry each of the combinations 
shown in the legend. (c) Amplitude of the immune response, i.e., the percentage of CD8+ T cells that are performing at least one of the functions indicated. (D) 
ELISPOT graph of the IFN-γ-producing cells. Results are representative of two independent experiments with the mean ± SD of each individual shown in the graphs 
(n = 4). Asterisks show statistical difference between the groups. Statistical analysis was performed using one-way ANOVA (P < 0.05). Boolean analysis was 
performed using FlowJo software. SFC, spot-forming cell.
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in cell–cell and cell–extracellular matrix interactions, and that 
these interactions are responsible for the intracellular signal 
transduction that culminates in cell migration (14) and formation 
of the immunological synapse (15), the aim of this study was to 
analyze the role of LFA-1 and VLA-4 integrins in specific CD8+ 
T  cells migration. During activation of specific CD8+ T  cells, 
there was an increase in the expression level of CD11a (LFA-1) 
and CD49d (VLA-4) chains (12). In addition, an increase in 
effector CD8+ T cells that express molecules LFA-1/ICAM-1 and 
VLA-4/VCAM-1 occurred in the hearts of mice infected with T. 
cruzi, suggesting the role of these molecules in the migration of 
specific CD8+ T cells into infected tissues (22, 23, 32). Here, we 
investigated the hypothesis that these molecules participate in the 
migration of specific CD8+ T  cells generated by immunization 
and infection. LFA-1 blockade, but not VLA-4, makes vaccinated 
A/Sn and infected C57BL/6 mice susceptible to infection with T. 
cruzi. The increased susceptibility of A/Sn mice was accompanied 
by increased parasitemia and tissue parasite burden, as well as 
rapid death of these mice. Even though VLA-4 does not play any 
role in our model, it participates in the migration of specific CTLs 
into the heart of C3H/He mice when infected with the Colombian 
strain of T. cruzi (22). Because we did not see any role of VLA-4 
in the mice parasitemia and survival our study was conducted 
toward LFA-1 role.
To analyze the role of ICAM-1, a major ligand for LFA-1, 
we used ICAM-1 KO mice and challenged them with blood 
FigUre 7 | Anti-LFA-1 treatment affects the in vivo cytotoxicity of specific CD8+ T cells. A/Sn mice were immunized with ASP-2 using the heterologous “prime-
boost” vaccination regimen, infected with 150 trypomastigotes forms of Trypanosoma cruzi, and treated with anti-LFA-1 or isotype control until 20th days after 
infection. After that, the spleen was harvested for the cytotoxicity assay. Splenocytes from naive mice were used for labeling with CFSElow (1 µM) and CFSEhigh 
(10 µM); the CFSEhigh population was pulsed with the 2.5 µM of peptide TEWETGQI. The mice immunized and anti-LFA-1 treated or untreated received 10 × 106 
cells from each population via retro-orbital route. In addition, for analysis of granzyme B expression by the specific CD8+ T cells, 2 × 106 splenocytes were 
stimulated in vitro with 10 µM TEWETGQI peptide. After 12 h, the splenocytes were collected for intracellular labeling of granzyme B. (a) The histograms represent 
the evens of CFSElow (P1) and CFSEhigh (P2) cells in each group. (B) Percentage of the cytotoxicity of specific CD8+ lymphocytes with the mean ± SD for each 
individual (n = 6). (c,D) The graphs with the mean cells CFSElow and CFSEhigh in the spleen of mice. (e,F) Histograms and the graph represent MFI and the 
percentage of specific CD8+ T cells that express granzyme B, respectively. The graphs represent the mean ± SD for each individual (n = 3). Representative results of 
two independent experiments. Statistical analysis was performed using one-way ANOVA test (***P < 0.01; ****P = 0.0047).
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trypomastigotes of the Y strain of T. cruzi, which did not affect 
the susceptibility of these mice to infection. This may be related 
to the redundancy of ligands by which a receptor can connect to 
alternate ligands without complete loss of functions performed 
by a receptor (33–35).
LFA-1 acts as a co-stimulatory molecule participating in the 
activation of T  lymphocytes (36), and it has been shown that 
this molecule activates CD4+ T  cells and induces secretion of 
cytokines such as IFN-γ and IL-17 (37). Therefore, we evaluated 
whether LFA-1 blockade impairs the activation of specific CD8+ 
T cells or interferes with phenotype of effector CD8+ T cells (TE). 
Our group has characterized the profile of CD8+ T cells induced 
by immunization that displays a phenotype of effector CD8+ 
T cells (TE). TE cells are characterized by expression of CD44high, 
CD62Llow, and CD127low (26), and we evaluated this profile and 
other activation markers on the cells from anti-LFA-1-treated 
mice. The anti-LFA-1 blockade decreased the CD11a MFI on 
specific CD8+ T cells surface by approximately 50%. In addition, 
treatment did not affect the phenotype of effector CD8+ T cells as 
well as the expression of early and late activation markers, such 
as CD69 and CD44, respectively. Results obtained by Gérard and 
colleagues also showed that the absence of LFA-1 does not reduce 
the expression of CD69 on CD8+ T cells (38).
The lower expression of CD95 in the cells induced upon vac-
cination was the main difference to CD8+ T cells generated by 
the infection, which had higher levels of CD95 (25). There is an 
increase in the expression of Fas/CD95 on some specific CD8+ 
T cells after immunization and treatment with anti-LFA-1. This 
result suggests that specific CD8+ T  cells in mice treated with 
anti-LFA-1 may be more susceptible to programmed cell death by 
the extrinsic pathway. Similar results were shown by Borthwick 
and colleagues, who found that LFA-1 blockade reduces the 
survival of T lymphocytes, thus suggesting the important role of 
LFA-1 in survival signals during the process of T cells migration 
(39). Otherwise, reduction of migration to tissues upon LFA-1 
blockade might increase effector CD8 T-cells expressing Fas in 
the secondary lymphoid organs.
Indeed, there is an impaired migration of specific CD8+ 
T  cells after LFA-1 blockade. The number of these cells was 
quantified in the spleen, heart, liver, lymph nodes, and blood 
after anti-LFA-1 treatment. The treatment led to an increase in 
the frequency and absolute number of specific CD8+ T cells in 
the spleen and lymph node, and a decreased frequency mainly 
in the heart. However, despite the apparent decrease in the 
overall number of CD8 T cells in blood, this decrease was not 
statistically significant (Figure S2 in Supplementary Material). 
We have previous described that specific-peptide CD8+ activa-
tion occurs in the lymph nodes after subcutaneous infection by T. 
cruzi and also in vaccinated model (12, 13). We approached this 
subject by administering the immunosuppressive drug FTY720 
(12, 13). In both models, this drug reduced lymphocyte recir-
culation by interfering with T  cell signaling via S1Pr1. This 
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interference resulted in inhibition of S1Pr1 signaling, effectively 
trapping T  cells within the lymph node without inhibiting 
T cell activation. FTY720 administration significantly impaired 
protective immunity supporting the hypothesis that T  cell 
recirculation is critical for the protective immunity they mediate 
(12, 13). Here, we have not addressed how these cells accumulate 
more in the lymph after treatment with anti-LFA-1. However, our 
data confirm that recirculation of these cells is necessary to exert 
their effector function in the peripheral tissues. Thus, blocking 
the integrin LFA-1, we observed the same accumulation not only 
in the lymph node but also in the spleen. However, in our immu-
nization, infection, and treatment model, there was no change 
in the number of specific CD8+ T cells in the peripheral blood 
(Figure S2 in Supplementary Material), probably because of the 
increased accumulation of CD8+ T cells in the spleen and lymph 
node. This phenomenon may be specific to our immunization 
and infection model but has not yet been explored in details 
or found in another model. One explanation might be that the 
blockage of LFA-1 integrin expressed by CD8+ T cells prevents 
the interactions with its ligand might be required to exit from 
lymph node. Another explanation might be due the decreased 
speed or movement of these cells (40). These issues need to 
be further addressed in our vaccination and infection model. 
These results confirm that LFA-1 is important to the migration 
of specific CD8+ T cells into infected tissues such as the heart, 
and the decline of these cells should be one of the causes for 
increased parasitemia in that organ. Recent studies have shown 
that LFA-1 blockade, and not VLA-4, reduces migration speed of 
T lymphocytes, leading to decreased antigen scanning by T cells 
(41) and, hence, lower immune response and higher parasitemia.
We also evaluated whether anti-LFA-1 treatment would affect 
the effector function of specific CD8+ T  cells, since these cells 
accumulated in the spleen are incapable of controlling the number 
of parasites. We analyzed the production of pro-inflammatory 
cytokines, crucial for controlling T. cruzi multiplication, such as 
IFN-γ and TNF-α, and observed that there was accumulation of 
polyfunctional specific CD8+ T cells capable of degranulating and 
simultaneously producing TNF-α and IFN-γ in the spleen, lymph 
node and liver. As the LFA-1 blockade retained CD8+ T  cells in 
the spleen and lymph node, we believe that this accumulation led 
to increased effector function of these cells. In the liver, in which 
there was no accumulation of such cells, the increase in intracel-
lular cytokine production can be explained by the fact that LFA-1 
blockade does not affect the production of those cytokines. 
In addition, it has been shown that high doses of anti-LFA-1 were 
required for impairing the production of those mediators (42). 
Finally, specific CD8+ T cells proliferated after LFA-1 blockade, and 
this result was consistent with the data obtained by Gérard et al. (38).
Another important function triggered by specific CD8+ 
T cells is the direct cytotoxicity against target cells. NK cyto-
toxic cells and CTLs of chagasic patients express perforin and 
granzyme B, suggesting the importance of these mediators to 
the host immune response (43). In addition, specific CD8+ 
T cells induced by immunization are cytotoxic and can produce 
perforin (2). Anti-LFA-1 treatment decreased the 80% cytotox-
icity of specific CD8+ T cells in the immunized group to 60% 
after treatment. Similar results were obtained by Petit et  al., 
whereas LFA-1 blockade was responsible for a 50% decrease of 
direct cytotoxicity triggered by CD8+ T cells (42). In addition, 
the decrease in cytotoxicity is independent of cytotoxic granule 
production and degranulation because there was no decrease 
in the amount of granzyme B and CD107a in specific CD8+ 
T  cells treated with anti-LFA-1. We believe that cytotoxicity 
is impaired not because of the reduction of cytotoxic granules 
but because LFA-1 is important to maintain stability between 
target and cytotoxic cells. The role of LFA-1 in maintaining a 
stable contact between the cells was demonstrated by blocking 
β2 chain of LFA-1, since absence of such molecule impaired the 
formation time of cell protrusions, as well as the stability of the 
immunological synapse (44–47). Also, it has been shown that 
LFA-1 blockade impairs close contact between effector T cells 
and antigen-presenting cells (48).
The reduction of direct cytotoxicity may explain why specific 
CD8+ T cells cannot control the number of parasites in the spleen 
even if accumulation of these cells occurs during LFA-1 blockade. 
In addition, our results suggest that LFA-1 plays an important 
role in the migration of specific CD8+ T cells into the heart and 
the survival of these cells. Finally, we believe that impairment of 
direct cytotoxicity and lower migration of specific CD8+ T cells 
into the heart are the major causes of lack of protection to T. cruzi 
infection upon immunization and treatment with anti-LFA-1.
eThics sTaTeMenT
This study was carried out in strict accordance with the recom-
mendations in the Guide for the Care and Use of Laboratory mice 
of the Brazilian National Council of Animal Experimentation 
(http://www.cobea.org.br/). The protocol was approved by 
the Committee on the Ethics of Animal Experiments of the 
Institutional Animal Care and Use Committee at the Federal 
University of Sao Paulo (Id # CEP 7559051115).
aUThOr cOnTriBUTiOns
CF, LC, and JV conceived and designed the experiments. CF, LC, 
FV, BM, CM, PR, and DA performed the experiments. CF and LC 
analyzed the data and prepared the figures. AM, RG, O-BR, and 
MR contributed with reagents and materials. CF and JV wrote the 
manuscript. ML, JL-V, CM, and BM performed the final review 
of the article. All the authors read and approved the final article.
acKnOWleDgMenTs
This work is a tribute to the memory of Professor Mauricio 
Martins Rodrigues.
FUnDing
This research was supported by the Fundação de Amparo à 
Pesquisa do Estado de São Paulo (FAPESP, programa Jovem 
Pesquisador Processo: 2012/22514-3), CF (processo FAPESP: 
2015/08814-2); LC (Processo FAPESP: 2017/11499-7); 
BM (2014/19422-5). CF, LC, and BM were recipients of fel-
lowship from FAPESP. JV, O-BR, ML, AM, RG, JL-V, DA, and 
15
Ferreira et al. LFA-1 Role for CD8+ Migration
Frontiers in Immunology | www.frontiersin.org October 2017 | Volume 8 | Article 1291
reFerences
1. World Health Organization. Chagas Disease (American trypanosomiasis). 
World Health Organization (2016). Available from: http://www.who.int/
chagas/epidemiology/en/
2. De Alencar BCG, Persechini PM, Haolla FA, Oliveira G, Silverio JC, Lannes-
Vieira J, et  al. Perforin and gamma interferon expression are required for 
CD4(+) and CD8(+) T-cell-dependent protective immunity against a 
human parasite, Trypanosoma cruzi, elicited by heterologous plasmid DNA 
prime-recombinant adenovirus 5 boost vaccination. Infect Immun (2009) 
77(10):4383–95. doi:10.1128/IAI.01459-08 
3. Vasconcelos JRC, Hiyane MI, Marinho CRF, Claser C, Machado AV, 
Gazzinelli RT, et al. Protective immunity against Trypanosoma cruzi infection 
in a highly susceptible mouse strain after vaccination with genes encoding 
the amastigote surface protein-2 and trans-sialidase. Hum Gene Ther (2004) 
15(9):878–86. doi:10.1089/hum.2004.15.878 
4. Machado AV, Cardoso JE, Claser C, Rodrigues MM, Gazzinelli RT, Bruna-
Romero O. Long-term protective immunity induced against Trypanosoma 
cruzi infection after vaccination with recombinant adenoviruses encoding 
amastigote surface protein-2 and trans-sialidase. Hum Gene Ther (2006) 
17(9):898–908. doi:10.1089/hum.2006.17.898 
5. Freel SA, Lamoreaux L, Chattopadhyay PK, Saunders K, Zarkowsky D, 
Overman RG, et al. Phenotypic and functional profile of HIV-inhibitory CD8 
T cells elicited by natural infection and heterologous prime/boost vaccination. 
J Virol (2010) 84(10):4998–5006. doi:10.1128/JVI.00138-10 
6. Jaoko W, Karita E, Kayitenkore K, Omosa-Manyonyi G, Allen S, Than S, et al. 
Safety and immunogenicity study of multiclade HIV-1 adenoviral vector 
vaccine alone or as boost following a multiclade HIV-1 DNA vaccine in Africa. 
Plos One (2010) 5(9):e12873. doi:10.1371/journal.pone.0012873 
7. Koup RA, Roederer M, Lamoreaux L, Fischer J, Novik L, Nason MC, et al. 
Priming immunization with DNA augments immunogenicity of recombinant 
adenoviral vectors for both HIV-1 specific antibody and T-cell responses. Plos 
One (2010) 5(2):e9015. doi:10.1371/journal.pone.0009015 
8. Hill AV, Reyes-Sandoval A, O’Hara G, Ewer K, Lawrie A, Goodman A, et al. 
Prime-boost vectored malaria vaccines: progress and prospects. Hum Vaccin 
(2010) 6:78–83. doi:10.4161/hv.6.1.10116 
9. Schooley RT, Spritzler J, Wang H, Lederman MM, Havlir D, Kuritzkes DR, 
et al. AIDS clinical trials group 5197: a placebo-controlled trial of immuniza-
tion of HIV-1-infected persons with a replication-deficient adenovirus type 5 
vaccine expressing the HIV-1 core protein. J Infect Dis (2010) 202(5):705–16. 
doi:10.1086/655468 
10. De Rosa SC, Thomas EP, Bui J, Huang Y, deCamp A, Morgan C, et al. HIV-
DNA priming alters T cell responses to HIV-adenovirus vaccine even when 
responses to DNA are undetectable. J Immunol (2011) 187(6):3391–401. 
doi:10.4049/jimmunol.1101421 
11. Chuang I, Sedegah M, Cicatelli S, Spring M, Polhemus M, Tamminga C, et al. 
DNA prime/adenovirus boost malaria vaccine encoding P. falciparum CSP 
and AMA1 induces sterile protection associated with cell-mediated immunity. 
PLoS One (2013) 8(2):e55571. doi:10.1371/journal.pone.0055571 
12. Vasconcelos JR, Dominguez MR, Neves RL, Ersching J, Araújo A, Santos LI, 
et al. Adenovirus vector-induced CD8+ T effector memory cell differentiation 
and recirculation, but not proliferation, are important for protective immunity 
against experimental Trypanosoma cruzi infection. Hum Gene Ther (2014) 
25(4):350–63. doi:10.1089/hum.2013.218 
13. Dominguez MR, Ersching J, Lemos R, Machado AV, Bruna-Romero O, 
Rodrigues MM, et  al. Re-circulation of lymphocytes mediated by sphin-
gosine-1-phosphate receptor-1 contributes to resistance against experimental 
infection with the protozoan parasite Trypanosoma cruzi. Vaccine (2012) 
30(18):2882–91. doi:10.1016/j.vaccine.2012.02.037 
14. Hogg N, Laschinger M, Giles K, McDowall A. T-cell integrins: more than just 
sticking points. J Cell Sci (2003) 1(116):4695–705. doi:10.1242/jcs.00876 
15. Dustin ML. The cellular context of T  cell signaling. Immunity (2009) 
30(4):482–92. doi:10.1016/j.immuni.2009.03.010 
16. Shamri R, Grabovsky V, Gauguet JM, Feigelson S, Manevich E, Kolanus W, 
et  al. Lymphocyte arrest requires instantaneous induction of an extended 
LFA-1 conformation mediated by endothelium-bound chemokines. Nat 
Immunol (2005) 6(5):497–506. doi:10.1038/ni1194 
17. Woolf E, Grigorova I, Sagiv A, Grabovsky V, Feigelson SW, Shulman Z, et al. 
Lymph node chemokines promote sustained T lymphocyte motility without 
triggering stable integrin adhesiveness in the absence of shear forces. Nat 
Immunol (2007) 8(10):1076–85. doi:10.1038/ni1499 
18. Glatigny S, Duhen R, Arbelaez C, Kumari S, Bettelli E. Integrin alpha L 
controls the homing of regulatory T  cells during CNS autoimmunity in 
the absence of integrin alpha 4. Sci Rep (2015) 16(5):7834. doi:10.1038/ 
srep07834 
19. Kwun J, Farris AB, Song H, Mahle WT, Burlingham WJ, Knechtle SJ. Impact 
of leukocyte function-associated antigen-1 blockade on endogenous allo-
specific T  cells to multiple minor histocompatibility antigen mismatched 
cardiac allograft. Transplantation (2015) 99(12):2485–93. doi:10.1097/
TP.0000000000000805 
20. Harning R, Pelletier J, Lubbe K, Takei F, Merluzzi VJ. Reduction in the severity 
of graft-versus-host disease and increased survival in allogenic mice by treat-
ment with monoclonal antibodies to cell adhesion antigens LFA-1 alpha and 
MALA-2. Transplantation (1991) 52:842–5. doi:10.1097/00007890-199111000- 
00017 
21. Kariya T, Ueta H, Xu XD, Koga D, Ezaki T, Yu E, et al. Direct evidence for 
activated CD8+ T  cell transmigration across portal vein endothelial cells 
in liver graft rejection. J Gastroenterol (2016) 51(10):985–98. doi:10.1007/
s00535-016-1169-1 
22. Dos Santos PV, Roffê E, Santiago HC, Torres RA, Marino AP, Paiva CN, et al. 
Prevalence of CD8(+) alpha beta T cells in Trypanosoma cruzi-elicited myo-
carditis is associated with acquisition of CD62Llow LFA-1 highVLA-4 high 
activation phenotype and expression of IFN-gamma-inducible adhesion and 
chemoattractant molecules 1. Microbes Infect (2001) 3:971–84. doi:10.1016/
S1286-4579(01)01461-7 
23. Silverio JC, Pereira IR, Cipitelli Mda C, Vinagre NF, Rodrigues MM, 
Gazzinelli RT, et al. CD8+ T-cells expressing interferon gamma or perforin play 
antagonistic roles in heart injury in experimental Trypanosoma cruzi-elicited 
cardiomyopathy. PLoS Pathog (2012) 8(4):e1002645. doi:10.1371/journal.
ppat.1002645 
24. Michailowsky V, Celes MR, Marino AP, Silva AA, Vieira LQ, Rossi MA, et al. 
Intercellular adhesion molecule 1 deficiency leads to impaired recruitment of 
T  lymphocytes and enhanced host susceptibility to infection with Trypanosoma 
cruzi. J Immunol (2004) 1:463–70. doi:10.4049/jimmunol.173.1.463 
25. Vasconcelos JR, Bruña-Romero O, Araújo AF, Dominguez MR, Ersching J, de 
Alencar BC, et al. Pathogen-induced proapoptotic phenotype and high CD95 
(Fas) expression accompany a suboptimal CD8+ T-cell response: reversal by 
adenoviral vaccine. PLoS Pathog (2012) 8(5):e1002699. doi:10.1371/journal.
ppat.1002699 
26. Rigato PO, de Alencar BC, Vasconcelos JR, Dominguez MR, Araújo AF, 
Machado AV, et al. Heterologous plasmid DNA prime-recombinant human 
adenovirus 5 boost vaccination generates a stable pool of protective long-lived 
CD8+T effector memory cells specific for a human parasite, Trypanosoma 
cruzi. Infect Immun (2011) 79(5):2120–30. doi:10.1128/IAI.01190-10 
27. Tzelepis F, de Alencar BC, Penido ML, Gazzinelli RT, Persechini PM, 
Rodrigues MM. Distinct kinetics of effector CD8+ cytotoxic T  cells after 
infection with Trypanosoma cruzi in naïve or vaccinated mice. Infect Immun 
(2006) 74(4):2477–81. doi:10.1128/IAI.74.4.2477-2481.2006 
MR are recipients of fellowships from CNPq. CM and BCA are 
recipients of fellowships from Coordenação de Aperfeiçoamento 
de Pessoal de Nível Superior (CAPES). JL-V is recipient of fel-
lowships from UFRJ. RG is supported by a grant from the US 
National Institutes of Health (NIAID R01AI116577).
sUPPleMenTarY MaTerial
The Supplementary Material for this article can be found online at 
http://www.frontiersin.org/article/10.3389/fimmu.2017.01291/
full#supplementary-material.
16
Ferreira et al. LFA-1 Role for CD8+ Migration
Frontiers in Immunology | www.frontiersin.org October 2017 | Volume 8 | Article 1291
28. Reisman N, Floyd T, Wagener M, Kirk A, Larsen C, Ford M. LFA-1 block-
ade induces effector and regulatory T-cell enrichment in lymph nodes 
and synergizes with CTLA-4lg to inhibit effector function. Blood (2011) 
118(22):5851–61. doi:10.1182/blood-2011-04-347252 
29. Piron M, Fisa R, Casamitjana N, López-Chejade P, Puig L, Vergés M, et al. 
Development of a real-time PCR assay for Trypanosoma cruzi detection in 
blood samples. Acta Trop (2007) 103(3):195–200. doi:10.1016/j.actatropica. 
2007.05.019 
30. Hintermann E, Ehser J, Christen U. The CYP2D6 animal model: how 
to induce autoimmune hepatitis in mice. J Vis Exp (2012) 3(60):3644. 
doi:10.3791/3644 
31. Gutierrez F, Mariano F, Oliveira C, Pavanelli W, Guedes P, Silva G, et  al. 
Regulation of Trypanosoma cruzi-induced myocarditis by programmed death 
cell receptor 1. Infect Immun (2011) 79:1873–81. doi:10.1128/IAI.01047-10 
32. Zhang L, Tarleton RL. Persistent production of inflammatory and anti-inflam-
matory cytokines and associated MHC and adhesion molecule expression at 
the site of infection and disease in experimental Trypanosoma cruzi infections. 
Exp Parasitol (1996) 84(2):203–13. doi:10.1006/expr.1996.0106 
33. Martin SD, Spinger TA. Intercellular adhesion de-1 (CAM-l) is a ligand for 
lymphocyte function-associated antigen 1 (LFA-1). Cell (1987) 51:813–9. 
doi:10.1016/0092-8674(87)90104-8 
34. Rahman A, Fazal F. Hug tightly and say goodbye: role of endothelial ICAM-1 
in leukocyte transmigration. Antioxid Redox Signal (2009) 11(4):823–39. 
doi:10.1089/ARS.2008.2204 
35. Ley K. Pathways and bottlenecks in the web of inflammatory adhesion mol-
ecules and chemoattractants. Immunol Res (2001) 24(1):87–95. doi:10.1385/
IR:24:1:87 
36. Bachmann MF, McKall-Faienza K, Schmits R, Bouchard D, Beach J, 
Speiser DE, et  al. Distinct roles for LFA-1 and CD28 during activation of 
naive T  cells: adhesion versus costimulation. Immunity (1997) 7:549–57. 
doi:10.1016/S1074-7613(00)80376-3 
37. Mori M, Hashimoto M, Matsuo T, Fujii T, Furu M, Ito H, et al. Cell-contact-
dependent activation of CD4+ T  cells by adhesion molecules on synovial 
fibroblasts. Mod Rheumatol (2017) 27(3):448–56. doi:10.1080/14397595.201
6.1220353 
38. Gérard A, Khan O, Beemiller P, Oswald E, Hu J, Matloubian M, et al. Secondary 
T cell–T cell synaptic interactions drive the differentiation of protective CD8+ 
T cells. Nat Immunol (2013) 14(4):356–63. doi:10.1038/ni.2547 
39. Borthwick NJ, Akbar AA, Buckley C, Pilling D, Salmon M, Jewell AP, et al. 
Transendothelial migration confers a survival advantage to activated T lym-
phocytes: role of LFA-1/ICAM-1 interactions. Clin Exp Immunol (2003) 
134:246–52. doi:10.1046/j.1365-2249.2003.02298.x 
40. Reichardt P, Patzak I, Jones K, Etemire E, Gunzer M, Hogg N. A role for 
LFA-1 in delaying T-lymphocyte egress from lymph nodes. EMBO J (2013) 
32(6):829–43. doi:10.1038/emboj.2013.33 
41. Katakai T, Habiro K, Kinashi T. Dendritic cells regulate high-speed interstitial 
T  cell migration in the lymph node via LFA-1/ICAM-1. J Immunol (2013) 
191(3):1188–99. doi:10.4049/jimmunol.1300739 
42. Petit AE, Demotte N, Scheid B, Wildmann C, Bigirimana R, Gordon-Alonso 
M, et al. A major secretory defect of tumour-infiltrating T lymphocytes due to 
galectin impairing LFA-1-mediated synapse completion. Nat Commun (2016) 
22(7):12242. doi:10.1038/ncomms12242 
43. Dotiwala F, Mulik S, Polidoro RB, Ansara JA, Burleigh BA, Walch M, et al. 
Killer lymphocytes use granulysin, perforin and granzymes to kill intracellular 
parasites. Nat Med (2016) 22(2):210–6. doi:10.1038/nm.4023 
44. Hivrozand C, Saitaki M. Biophysical aspects of T  lymphocyte activation 
at the immune synapse. Front Immunol (2016) 15(7):46. doi:10.3389/
fimmu.2016.00046 
45. Kinashi T. Intracellular signalling controlling integrin activation in lympho-
cytes. Nat Rev Immunol (2005) 5(7):546–59. doi:10.1038/nri1646 
46. Sigal A, Bleijs DA, Grabovsky V, van Vliet SJ, Dwir O, Figdor CG, et al. The 
LFA-1 integrin supports rolling adhesions on ICAM-1 under physiological 
shear flow in a permissive cellular environment. J Immunol (2000) 165:442–52. 
doi:10.4049/jimmunol.165.1.442 
47. Morgan MM, Labno CM, Van Seventer GA, Denny MF, Straus DB, 
Burkhardt JK. Superantigen-induced T cell: B cell conjugation is mediated by 
LFA-1 and requires signaling through Lck, but not ZAP-70. J Immunol (2001) 
167:5708–18. doi:10.4049/jimmunol.167.10.5708 
48. Friedman RS, Jacobelli J, Krummel MF. Surface-bound chemokines capture 
and prime T cells for synapse formation. Nat Immunol (2006) 7(10):1101–8. 
doi:10.1038/ni1384 
Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.
Copyright © 2017 Ferreira, Cariste, Santos Virgílio, Moraschi, Monteiro, Vieira 
Machado, Gazzinelli, Bruna-Romero, Menin Ruiz, Ribeiro, Lannes-Vieira, Lopes, 
Rodrigues and Vasconcelos. This is an open-access article distributed under the terms 
of the Creative Commons Attribution License (CC BY). The use, distribution or 
reproduction in other forums is permitted, provided the original author(s) or licensor 
are credited and that the original publication in this journal is cited, in accordance 
with accepted academic practice. No use, distribution or reproduction is permitted 
which does not comply with these terms.
